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Abstract. The magnitude-frequency relationship of sea cliff tors in historical inventory data sets. The magnitude of the
failures in strong, low retreat rate cliffs, was studied usinglandslides was mainly expressed in terms of the area affected
systematic historical inventories carried out in the coasts ofby each event, which is the most easily measurable quantity,
Portugal and Morocco, in different geological and geomor-and in a few cases by the volume of soil and rock displaced,
phological settings, covering a wide size scale, from small towhich is much more difficult to assess. The analyses of the
comparatively large rockslides, topples and rockfalls, at dif-inventory data sets yielded relationships between magnitude
ferent time and spatial scales. The magnitude-frequency exexpressed as landslide area and frequency in the form of in-
pressed in terms of volume displaced and of horizontal areaerse power-law (Hovius et al., 1997, 2000; Pelletier et al.,
lost at the cliff top showed good fit by inverse power laws of 1997; Dai and Lee, 2001; Guzzetti et al., 2002; lwahashi et
the typep=a.x?, with a values from 0.2 to 0.3, and expo- al., 2003; Brardinoni and Church, 2004). The recognition
nentsb close to 1.0, similar to those proposed for rockfall in- of a frequency reduction for the smaller landslides in sub-
ventories. The proposed power laws address the magnitudestantially complete inventories led to the application of more
frequency for sea cliff failures, which is an important com- accurate statistical distributions such as the inverse double
ponent of hazard assessment, to be completed with adequaRareto (Stark and Hovius, 2001) and inverse Gamma 3 pa-
models for space and time hazard components. Maximunrameters (Malamud et al., 2004).

local retreat at the cliff top provided acceptable fitting to in-  The magnitude-frequency relationships for rockfalls are
verse power laws only for failures wider than 2m, witk4.0,  less covered (Hungr et al., 1999; Dussauge-Peisser et al.,
and exponent=2.3, which may be useful to assess the cliff 2002; Chau et al., 2003) and the on particular context of
retreat hazard for the use of areas located near the cliff top. sea cliffs the available information is even more limited. In
fact, most sea cliff studies are directed to yield coastal ero-
sion dedicated data, such as retreat rates, dominantly in soft
materials cliffs with intermediate to high retreat rates, and not
inventories of cliff instabilities (see for ex. Lee et al., 2001,

Landslide hazard assessment involves the determination 03002; Hall etal., 2002; Moore and Griggs, 2002).

the location and timing of occurrence of landslides (Varnes, For soft cliff retreat, Hall et al. (2002) suggested a log-

1984), and also the magnitude or intensity of the potentiallynormal frequency-size distribution based on wave basin tests

hazardous phenomena (Guzzetti et al., 1999, 2005). on a model cliff composed by damp sand, acted upon short
The problem of the relations between magnitude and freierm wave action. However, Dong and Guzzetti (2005) sug-

quency of the landslides has been covered in the literaturegested that the distribution of erosion sizes (local retreat at

mainly by analysis of landslide inventory data sets obtainedthe cliff top) between monitoring periods at two soft cliff

in specific geomorphological contexts and triggered by sin-Sites in the east coast of England, follows a inverse power

gle external factors such as heavy rainfall events, suddeffW for retreat events larger than 8m, and a much lower

snowmelt, earthquakes, or a combination of triggering fac-slope trend for smaller retreat events. These authors also
pointed out that the data used corresponds to cliff top retreat

values averaged for the length of the time periods elapsed
Correspondence tdr. M. S. F. Marques  petween successive surveys, and, in consequence the data
BY (fsmarques@fc.ul.pt) may present some form of amalgamation, i.e., measurements
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Table 1. Summary data on the cliff instability inventories used in this study.

Cliffed coast Age Lithology Structural features Length oNumber  Monitoring Cliff retreat rates (m/year) Details
cliffs of cliff period/method (References)
(km) failures
Mean Maximum  Minimum
(mlyear) (m/year) (mlyear)
Miocene Miocene Weak calcarenites Near horizontal beds, 46 147 1947-1991 0.006 0.039 0.002 Marques (1994)
South Algarve massive rock mass, Aerial photos Marques (1997)
extensive karst features
(sinkholes)

Mesozoic Jurassic, Lower Marly limestones, marls, Near horizontal beds, 41 87 1947-1991 0.003 0.016 <0.001 Marques (1997)
South and West Algarve Cretaceous limestones faulted Aerial photos
Palaeozoic Carboniferous Alternating shale and  Highly folded anf faulted 48 45 1947-1991  0.004 0.017 0.003 Marques (1997)
West Algarve greywacke Aerial photos Marques (2003)
Cemented dunes Quaternary Weak sandstone Massive, near horizontal 2.2 12 1947-1991 0.019 0.028 0.006 Marques (1997)
West Algarve (aeolianite) beds Aerial photos
Larache — NW Morocco  Quaternary over Weak sandstone Massive, near horizontal 5.5 37 1961-1997 0.016 0.088 0.006 Marques et al. (2003)

Miocene (aeolianite) over clays  beds Aerial photos
Monte CErigo Carboniferous Alternating shale and  Highly folded and 1.3 14 1947-2000 0.008 0.014 0.006 Marques (2006b)
West Algarve greywacke faulted Aerial photos
Avencas-Parede Cenomanian Alternating marls and  Near horizontal beds, 2.6 10 1947-2000 0.001 N.D. N.D. Marques (2006b)
West lisbon marly limestones faulted Aerial photos
Ribeira de llhas Lower Cretaceous  Alternating marls and  Near horizontal beds, 4.7 30 1947-2000 0.003 0.013 0.005 Marques (2006b)
NW Lishon marly limestones faulted Aerial photos
Monte CErigo Carboniferous Alternating shale and  Highly folded and 0.22 20 1999-2003 0.004 N.D. N.D. Marques (2006b)
West Algarve greywacke faulted Field photos
Avencas-Parede Cenomanian Alternating marls and  Near horizontal beds, 0.11 25 1999-2003 0.017 N.D. N.D. Marques (2006b)
West lisbon marly limestones faulted Field photos
Ribeira de Ilhas Lower Cretaceous  Alternating marls and  Near horizontal beds, 0.24 103 1999-2003 0.008 N.D. N.D. Marques (2006b)
NW Lisbon marly limestones faulted Field photos
Miocene field Miocene Weak calcarenite Near horizontal beds, 46 133 1995-2004 0.009 N.D. N.D. Teixeira (2006)
South Algarve massive rock mass, Field surveys

extensive karst features
(sinkholes)

may represent single or multiple cliff retreat events (Dongretreat and horizontal area lost at the cliff top), for use of the
and Guzzetti, 2005). This could cause a significant underareas near the cliff toe (beaches, coastal infrastructures) and
sampling of the smaller cliff retreat movements, yielding design of preventive or stabilization measures (cliff instabil-

frequency-size statistics following different power-laws for ity type and volume).

larger and smaller cliff retreat events.

To address the magnitude-frequency relationships of sea

In intermediate to high strength sea cliff rock masses, thecliff failures in strong, low retreat rate cliffs (mean retreat
retreat data expressed in terms of systematic and detailed imate <0.1 m/year), were used systematic historical invento-
ventory of cliff failures is even rarer, with very few excep- ries carried out in Portugal and in the north-west coast of Mo-
tions (Marques, 1994, 1997, 2003, 2006b; Teixeira, 2006)rocco, in different geological and geomorphological settings,
However, sea cliff instability hazard assessment is a relevanin terms of volume of rock or soil displaced €M), of hori-
topic because cliff dominated coasts have a very wide repzontal area lost at the cliff top @) and of maximum local
resentation in the world coastlines, and in many countriesretreat of the cliff top (MLRR). The inventories cover a very
are subject to an intense and growing human occupationyide size scale of the cliff retreat phenomena, from small
mainly by houses, urban areas, and beach and leisure stru¢v <0.01 n?) to comparatively large rockslides, topples and
tures mainly devoted to tourism activities. The exploitation rockfalls (V>10* m3), to large translational slides and a few

of these structures is very sensitive to safety issues, with nateave roof collapses, at different time and spatial scales. The
ural hazards prevention and protection being a considerablmethods used for identification and characterization of the
concern. There is also considerable historical (mainly de-slope mass movements that occurred at the sea cliffs, cover
fence structures) and archaeological heritage located on topomplementary and partially overlapping size windows, in
of sea cliffs, involving problems for their conservation. order to minimize the under sampling that results from the
application of aerial photographs based methods near their

The magnitude of the sea cliff instabilities, mainly planar . . :
)}ower limit of detection of the cliff retreat phenomena.

slides, toppling failures and rockfalls, can be expressed b
the local maximum retreat at the cliff top, horizontal area Deep seated landslides are excluded in this analysis mainly
lost and volume displaced, that have implications on man-because they are extremely rare events in the geological and
agement and hazard prevention regulations of cliff top oc-climatic context of the cliffs in Portugal and Morocco, and
cupation and use (set back lines based on maximum locabnly occur in very special conditions, not related with the
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occurrence of the smaller and much more frequent cliff fail-
ures types indicated above. Ribeira de

lihas site

Lisbon

2 Study areas

Avencas - Parede
site
The data sets used in this study correspond to cliff retreat
surveys carried at a regional scale, covering long stretches
of cliffed coast, and local scale surveys. The data sets in-
clude only data for cliffs with mean retreat rates lower than | Paagzoichioane
0.1 m/year, i.e. cliffs where a large part of the cliff top remain
essentially unchanged at the time scale of half a century, and|  Mesozoeaigane - e

the retreat is caused by the occurrence of cliff failures with Polimesatioigand
| | . t Teixeira (2006) data set
ocal impact.

The regional scale data sets (Table 1, Fig. 1) cover the
whole rock cliffs of the western and southern coast of Al- Larache Morosco
garve, divided according to the main geological units, which dliff section
include weak Miocene calcarenites, Carboniferous shale and N
greywacke, Mesozoic marls and limestones and Quaternary I

Monte Clérigo site

o
Sevilla

cemented dunes. Were also used data sets from cliffs cuf
in Cretaceous rocks located at West (Avencas-Parede, AP
and Northwest (Ribeira de llhas, RI) of Lisbon, and from
the Quaternary cemented dunes underlain by clays in the
west (_:oa_st of Morocco (Lar_ache). Itis als_o |_ncludgq_the SyS'Fig. 1. Location of the cliff sections studied along the western and
tematic flgld survey based mventory of cliff instabilities that ¢, shern coast of Portugal, and along the north west coast of Mo-
occurred in the Miocene cliffs of the central Algarve coast ;gccq.
(Teixeira, 2006).

The local scale data sets (Table 1, Fig. 1) correspond t&ion are the main causes of the very complex morphology of
two cliff faces composed of Cretaceous of near horizontalthe coastline.
alternating marls and limestones (Avencas-Parede, AP, and The Miocene rocks are mainly composed by alternate lay-
Ribeira de llhas, RI) and one data set for a cliff face cut iners of fine grained calcarenites and calcarenites with a high
highly folded and faulted Carboniferous shale and greywackecontent of macrofossils. The latter are more resistant to surfi-
(Monte Ckrigo, MC). cial erosion and tend to protrude outwards of the cliff profiles

For the central Algarve coastal cliffs cut in Miocene rocks, not recently affected by cliff retreat.
details on the geomorphology, types, and spatial and time In terms of geotechnical properties the fine-grained cal-
distribution of cliff retreat events identified and measured carenites have saturated unconfined compressive strength be-
on aerial photographs of 1947 and 1983 are in Marquedween 0.5MPa and 2 MPa, calcarenites with macrofossils
(1994). The retreat data was completed for the 1947 tdrom 1 MPa to 3MPa. Locally, the presence of secondary
1991 period, together with detailed geomorphological anal-precipitations of calcite provides values of up to 50 MPa.
ysis and rock strength assessment (Marques, 1997), and fuFracture surfaces are very rough and, in consequence, condi-
ther details on cliff morphology and recent movements aretions for the occurrence of planar slides are seldom attained,
described in Teixeira (2006). These cliff sections extendand the bedding planes are not sharp discontinuities but grad-
for approximately 46 km and are mainly cut in weak bio- ual transitions of the texture of the rock. The natural discon-
genic calcarenites of Miocene age (Antunes et al., 1981)finuities are also partially cemented by secondary calcite pre-
with horizontal or gently sloping bedding to south or south- cipitations, providing a massive behaviour of the rock mass,
west except near the main tectonic accidents (Padifault ~ with small contribution of the tectonic fractures and the bed-
and Albufeira diapir) were bedding slope can reach tt0  ding planes for the occurrence of cliff failures.
20°. The Miocene bedrock is densely affected by karst fea- The cliffs have a complex plan contour, which includes
tures, which are mainly 6 m to 20 m wide near circular sec-frequent headlands with plunging cliffs separated by gen-
tion sinkholes with walls cemented by secondary calcite pre-erally small bays that contain sandy beaches. Discontinu-
cipitation, and is covered by Plio-pleistocene reddish silty-ous shore platforms, stacks, caves and natural arches and
clayey sands, which also fill the karst features. The contrastbridges are also very frequent features. The cliffs height
of strength and erosion resistance of the materials that comvaries between extreme values of 2 m to 40 m, with predom-
pose the cliffs, and also the karst exhumation by marine eroinant height between 15m and 25 m.

100km
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In terms of processes and mechanisms of cliff retreatto the bedding planes. Small scale field tilt tests produced
the marine erosion is responsible for the carving of notchedriction angles between 2and 34, greater than the residual
mainly at the upper intertidal zone and the rapid erosion offriction angle for these rocks, mainly because of the rough-
the sandy karst fill. In consequence, the cliff profiles in the ness of the specimen tested and the low confining stresses.
Miocene rocks are generally irregular, near vertical and withThe back analysis of major failures provided friction angles
a notch at the toe. The deepening of the notches coupled witfrom 23 to 25 (Marques, 2003).

the stress release of the rock mass leads to toppling failures The planar (translaccional) failures were dominant in the
that are the most frequent mass movements in these cliffpalaeozoic rock cliffs, accounting for 85% of the total move-
(42%), followed by rockfalls (18%), very rare slumps (4%) ments identified, with minor occurrences of toppling and top-
and not determined type (36%, mainly rockfalls and smallpjing followed by planar failure, and one case of buckling
topples) (Marques, 1997). _ _ _and another case not determined.

The western coast of Algarve is dominated by sea cliffs Monte CErigo site is located in the palaeozoic cliff section

(Fig. 1) (Marques, 2003) mainly composed of an Upperof the west coast of the Algarve (Fig. 1). It is a high energy

Palaeozoic sequence, with minor sections of Mesozoic carWNW exposed 40 m high cliff, seawards limited by a 80 to

bonate rocks, Triassic sandstones, Hetangian Kguper ma%o m wide shore platform. Cliff and platform are cut in low-
and Quaternary cemented dunes. The Palaeozoic rocks AHfietamorphic Carboniferous rocks, composed of alternating

included in the western horder of the South Eortuggese Zonedark grey shale and generally thin sandstone and greywacke
a part of the south west branch of the Iberian Variscan ArCpads. The cliff face varies from near vertical to°480p-

;hat mch;Jdgs ar} tLrJ1pp§r Iéj)eyomar:_ tl).asementl gn% the Cconrng irregular profiles, usually limited at the toe by near ver-
ensed lacies of the bordeira anticling, overiain by a Lalq,) sections caused by direct marine erosion. Bed thick-

boniferous flysh sequence — the Brejeira Formation, (Ribeironess is quite variable between 2 cm and 20 cm and there is a
etal., 1987). net dominance of shale thickness (c. 65%) over greywacke

The generall sequence includes the Bordeira—Carrapgteir@s%). Cliff failures identified are mainly of the planar type.
Formations (Ribeiro et al., 1987) exposed in small sections

at the sea cliffs and includes dark grey shales alternating with The Mesozoic rock cliffs of Algarve include the western

sandstones and dolomitic limestones, overlain by the BreSection of the south coast and a small section at the west

jeira Formation (Carboniferous, Middle Namurian to Lower coast that corresponds to the Carrapateira headland. In the

Westphalian) that forms the majority of the cliffs in the study southern coast, from east to west, cliffs are composed of hor-

area. This hercinian flysch deposit is mainly composed ijzontal or SE gently sloping alternating layers of marls and

dark grey shales alternating with generally thin sandstone,rnarly limestones (Lower Cretaceous; 3._7km of cliff Ienogth),
beds. The Paleozoic rocks were folded and faulted by thé“arIS (L.ovx{er Cretaceous, 0.3km of cliff length), SE°10
Hercynian Orogeny and the alternating layers of shale and® 15_0 dipping strong sandstones (Lower (_3re'_[aceous, 2km
greywacke are affected by NW-SE trending folds with an 9f cliffs), nearly horlz_ontal or SE gently dipping alternat-
axial plane cleavage dipping NE. The highly folded struc- ing marls and marly limestones (Lower Cretaceous, 6.1 km
ture and the irregular contour of the cliffs make the relations

of cliffs), alternating marls and marly limestones and lime-

between strata orientation and cliff faces extremely variablesm.nes (Upper Jurass[c, 3.7km of cliffs) and 27.4 km of CI.'ﬁS
from site to site. mainly cut in strong limestones and very strong dolomites
The sea cliffs are mainly 40 m to 100m high, with max- that form the main headlands in the area (Jurassic), with mi-
imum height of 120m. The cliffs profile is very irregular nor occurrence of marly sequences outcropping at the more

and varies from place to place, mainly as a consequence pcessed portions of the coastline (Rocha et al., 1979; Mar-
the heavily folded and faulted geological structure and thedues: 1997).
varying erosion resistance of the Palaeozoic rocks. The cliff At the Carrapateira headland (west coast of Algarve), the
toe is usually seawards limited by intertidal abrasion plat-S€a cliffs are cut, from south to north, in alternating marls and
forms, frequently seawards limited by a low tide scarp, lo- limestones (Jurassic, 3.2km of cliffs) and limestones (Juras-
cally covered by small gravel beaches and rare sand beacheiC, 1.6 km of cliffs), mostly with near horizontal bedding
Near vertical cliff faces that plunge directly below sea water (Ribeiro et al., 1987; Marques, 1997).
level (plunging cliffs), indicating very low cliff retreat during Cliff height varies mainly between 30 m and 60 m, reach-
Holocene, occur only in small sections. ing locally maximum values of 110 m. Cliff profiles are quite
In terms of geotechnical properties, point load tests onvariable and range from near vertical plunging rock walls at
fresh to slightly weathered greywacke sandstones and muddghe main headlands cut in the strong Jurassic limestones and
quartzites with average dry unit weights of 26.3kN/m dolomites, to 45 to 60° slope sections in the cliffs cut in
yielded Isg values between 1MPa and 10MPa. The the weaker marls and alternating marls and limestones. In
unweathered shales have an average dry unit weight ofhese weaker rocks, there is usually an intertidal shore plat-
26.5 kN/n? and point load strengths from 0.5 to 1.5 MPa par- form that generally dips gently seawards without any low tide
allel to bedding and between 1 MPa and 3 MPa at right anglescarp.
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The cliff failures identified correspond to planar slides are partially filled by reddish sandy clayey deposits. The ce-
(77%), rockfalls (16%) and not determined type (7%). mented dunes rest over low strength Miocene-Pliocene clays.
Avencas-Parede is located on a sheltered NW-SE sectiofliff retreat events correspond mainly to toppling failures

(Fig. 1) of an E-W trending coast located westwards of Lis- (Marques et al., 2003).
bon. It is a low-energy rocky coast cut in near horizon- The major cliff instability factors include rainfall, wave
tal beds of Middle (Albian sandstones) and Upper Creta-regime and earthquakes, and their action has strong varia-
ceous (Albian-Cenomanian marly nodular limestones andions along the coastal sections considered in this study.
limestones alternating with marls), cut by minor NNE-SSW, The west coast of Portugal is attacked by a high-energy
N-S and WNW-ESE faults, some containing igneous dykeswave regime generated in the North Atlantic Ocean, with
(Ramalho et al., 1981). The cliffs are 4 to 15m high, anda predominant fetch (long swell) from the NW and storms
are limited seawards by mainly structurally controlled shorefrom the W and SW (Pires, 1989). There is no information on
platforms and sand beaches in the more sheltered bays. Ahe Larache coast of Morocco, but it is also exposed to WNW
the Praia das Avencas site, the cliffs are 4 to 6 m high andand in consequence, is probably acted by a wave regime with
are seawards limited by a 80 m wide structurally controlledintensity not much lower than the ones of the western coast
wave cut platform with steps that correspond to the outcropsf Portugal. At the sheltered, southwest facing AP coast,
of the more resistant limestone beds. The cliff is composedhe wave energy input drops by an order of magnitude, and
of a single bed of marly nodular limestone (70% marly lime- the southern coast of Algarve is acted by storms from SW
stone; 30% marl), with an irregular and near vertical surfaceand SE, and a medium energy wave regime (Andrade et al.,
with a 0.3m to 0.5m deep notch at the toe. The cliff re- 2004).
treat events correspond to planar, toppling and rockfall fail- - portugal is affected by considerable earthquake activity
ures (Marques, 2006b). and during the cliff retreat survey periods, the sites were af-
Ribeira de llhas cliff section is located on the west coastfected by the 28 February 1969 earthquake, with a Mercalli
40km north of Lisbon. It is a high energy coast, domi- modified scale intensity of VIl at the SW coast of Algarve,
nated by 15m to 30 m high cliffs, which reach 60 m height v| at AP and VIl at RI, and other smaller earthquakes with a
south of the RI site. The cliffs are composed of near hori-maximum local intensity lower than VI (Anonymous, 1947—
zontal Lower Cretaceous (Hauterivian to Aptian) alternating2003), usually not considered relevant in terms of slope in-
limestones and marly limestones (Hauterivian-Lower Bar-stability triggering (Keefer, 1984). The coast of Larache was
remian), sandstones (Upper Barremian) and alternating limealso affected by the 28 February 1969 earthquake (I1=VI) and
stones and marls (Lower Aptian), and are cut by faults andother earthquakes with smaller local intensity (EI Alami et
dykes trending E-W, NE-SW and NW-SE (Zbyszewski and g|., 2004).
Almeida, 1955). Mean annual rainfall is also quite variable along the coast
Atthe Ribeira de lhas site, the 25 to 30 m high cliffis cutin of Portugal, with a general tendency for decrease from north
near horizontal alternating layers of marly limestones (0.2 south, with values of 778 mnTy at the RI region, about
1.0m thick), marls (0.5-2m thick) and two sandstone bedssgs mmy ! at AP, 565 mmy* at the western coast of Al-
in the upper part, cut by minor faults and three dykes. Ingarve (Aljezur station) and approximately 450 mriat the
the lower part of the cliff marly limestones dominate, while southern coast of Algarve. Most of the rainfall occurs dur-
in the middle and upper parts, marls are the main lithology.ing the period October-May, usually concentrated in short
The cliff is limited by an 80 to 100 m wide wave cut plat- periods, and this tendency tends to decrease slightly from
form, stepped at the upper intertidal zone but very smoothsouth to north. At Larache coast, the mean annual rainfall
seawards. The cliff toe is partially covered by fallen blocks js approximately 670 mmyt, also concentrated during the
from the cliff and, during the summer, by thin ephemeral winter months and in short periods, typical of Mediterranean
patches of gravel and coarse sand. climate.
The lower part of the cliff profile is near vertical with
frequent overhangs of the more resistant limestone beds,
and an upper third section sloping°4® 60° seaward, that 3 Methods
corresponds to the more weathered upper part of the rock
mass (sandstones, limestones and marls). The cliff retreafhe regional scale data sets of sea cliff failures were pro-
events identified correspond also to planar, toppling andduced using aerial photographs comparison for intermediate
rockfall failures, as in Avencas-Parede coastal section (Martime (up to 53 years) for the identification and characteriza-
ques, 2006b). tion of the larger cliff movements. The methods used rely on
At the NW coast of Morocco, the Larache near verti- systematic comparison of pairs of the older and more recent
cal cliffs have heights between 10 m and more than 20 mphotos, carried out with a table stereoscope with r@ag-
and are composed by weak to moderately strong Quaternamification eyepieces, working in very small areas in order to
massively bedded cemented dunes, cut by generally widelyletect changes in the cliff top contour. When a change is
spaced joints. This unit is affected by karst features whichdetected, intermediate date photos are used to constrain the
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period of occurrence and are selected the more favourablthe scale of the photographs, and because each pair of photos
photos to perform the measurement of the maximum localmust cover the whole cliff face it varies with cliff height. At
cliff top retreat. The horizontal area lost at the cliff top is AP resolution was higher and virtually all fallen rock blocks
assessed dividing the total area in smaller simple polygon®f near isometric shape larger than 0.006were detected.
(triangles, rectangles), followed by the measurement of theAt RI the data should be considered complete for cliff rock-
dimensions required to compute the areas. The volume ofall volumes larger than 0.03¥fwhile at MC the data can
rock and soil displaced in each retreat event was estimatetle considered complete for volumes larger than $2m
considering the horizontal area lost and the estimated cross- The cliffs cut in the southern Algarve Miocene rocks were
sectional dimensions of the failed rock mass obtained fromalso object of a systematic cliff failure field based inven-
aerial photo interpretation and fieldwork. The assessment ofory, that was build by sequential and systematic field sur-
the volume of rocks displaced is computed based on the esreys coupled with a warning system network of coast users
timated depth and general slope of the failure surface visibleor the identification of cliff instabilities, carried out since
at the cliff face, coupled with the altimetry collected in to- 1995 by the Algarve regional authority for the environment
pographical maps. These inventories were subsequently ol{fComis$io de Coorden&p e Desenvolvimento Regional do
ject of a near systematic field checking. The measurementalgarve, CCDRA; Teixeira, 2006).
are performed directly on the aerial photo contact prints, us- The quality of the data in each data set is variable, cover-
ing a transparent calibrated square grid with unit divisionsing maximum local retreat and horizontal area lost for each
of 0.083 mm, which enables the measurement of distancesliff retreat event in all inventories, and assessment of vol-
down to half of division, i.e. 1.4 m in the field for 1:30000 ume displaced in all but the inventory from Larache, Mo-
scale photos. The measurements follow a set of procedure®cco, were only maximum local retreat and horizontal area
conceived to cope with the common problems involved injost were assessed due to the small scale of the available to-
the use of aerial photos, namely relief displacement by conpographic maps.
ical projection and tilt, and to keep the measurement errors For the coastal sections monitored by aerial photographs,
to less thant1.5m in the field. The description of methods the cliff retreat was computed using the slope of the best fit
used and analysis of errors, based on the application of th@near regression line of plots of cumulative horizontal area
colinearity equations of photogrammetry is treated in detaillost versus length of cliff, divided by the number of years of
in Marques (2006a). the study (Table 1). Values were computed for all data in
In terms of the accuracy of the methods used in cliff re- each section, and maximum and minimum values were com-
treat assessment, the data set from the Miocene rock cliffputed by the some process used data subsets with a nearly
of Algarve had extensive field confirmation by the regional constant slope, that correspond to sub-sections with a nearly
authority for coastal management (Teixeira, 2006), and thenomogeneous behaviour in terms of cliff failures size and
retreat of the soft cliffs of Quarteira region (Marques and Ro-spatial density (see Marques, 2003, 2006b).
mariz, 1990; Marques and Andrade, 1993; Marques, 1997) The computed cliff retreat rates (Table 1) are always lower
have been confirmed by independent photogrammetry baseghan 0.1 my?! and range for one order of magnitude, for
studies (Correia et al., 1994, Cdtalet al., 2002). mean values, and almost two orders of magnitude consid-
The local scale short-term cliff retreat data sets were asering the maximum and minimum values. The computed
sessed by sequential photographic field surveys of the clifialues agree with the orders of magnitude of the retreat
face, after emplacement of 2m ruler scales at the baseates suggested by Sunamura (1992) for different rock types,

of the cliff. Pairs of stereoscopic photos were taken be-that include flysh and shales (1dmy~1), and limestones
tween 1999 and 2003 from fixed viewpoints using the samg10-2my—* to 10-3my~1)), which were based on a exten-

non-calibrated camera/lens combination (35mm SLR withsjve world wide data compilation.
55 mm focal length macro lens) and with the optical axis of

the lens near horizontal. Oblique photo pairs of the cliff face

were also taken to improve cliff retreat volume estimation 4 Magnitude-frequency
together with field measurements.

The detection, dating, characterization and measuremerithe natural hazards induced by sea cliff failures may affect
of the cliff face area affected by the slope mass movementstructures or people located near the cliff top, at the exposed
depicted in the stereoscopic pairs relied upon systemati¢aces, which include accesses to the beaches, and the areas
checking of the morphology of each bed or group of bedsnear the toe that may include beach users and support struc-
outcropping along the cliff face, also performed under a ta-tures. Considering these different locations of potentially
ble mirror stereoscope. The average thickness of the dishazardous zones, the magnitude of the cliff retreat failures
placed blocks was assessed using the oblique pairs of phanay be expressed in terms of three indexes: 1. The maximum
tographs and field checking, and the volume of material disH{ocal retreat at the cliff top (MLBR), measured as the max-
placed computed as the product of the area affected and thenum horizontal distance between the pre and post failure
average thickness. Field photo survey accuracy depends otliff top position, which is useful as a guide for the definition
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mum local retreat of the cliff top shows acceptable corre- Horizontal area lost ()

lation with both the horizontal area lost (Fig. 2) and the

volume displaced (Fig. 3), but with a considerable degreerig. 4. Relation between horizontal area lost at the cliff top and

of data scatter, especially in the MgER—Vcr plot. The  volume displaced.

best fitting of the data plots was obtained with the power

laws, Acr=2.55 (MLRcr)}"® (r?=0.92) and \:r=5.23

(MLRcR)%%2 (-2=0.88). the event distribution in the new wider class was even, i.e.
The horizontal area-volume relationship showed less datahat the average size of the events contained in one class is

scatter and a good fitting (Fig. 4) by the power law relation near the mean value of the class limits.

Vcr=1.37 (Acr)1%, (r2=0.95) much different than those  The frequency density for maximum local cliff top retreat,

that have been suggested for inland landslides (e.g. Hovius ef (MLRcR), horizontal area,f(Acr) and for volume rela-

al., 1997). This is not surprising considering the differencestionships f(VcR), of each bin was computed as the number

in shapes, processes and mechanisms of mainland landslides, cliff retreat failures in the bin divided by the bin width

usually dominated by shallow translational slides, while the(Malamud et al., 2004). As the inventories are essentially

cliff failures are mainly steeply sloping failure surface planar complete above well defined size limits, it is acceptable to

slides, toppling failures and rock falls. normalise the frequency densities by dividing them by the
For cliff failure magnitude-frequency analysis, the move- total number of events in each data set, obtaining normalised

ments smaller than the detection limits of the methods usedrequenciep(MLRcR), p(Acr) and p(VcRr).

for inventory production were removed in all data sets, and For the maximum local cliff top retreat analysis, the only

these are considered to be substantially complete for valuegalues considered were those that corresponded to a net

above those limits (Table 2). The data was divided in magni-retreat of the cliff top, and was excluded the data from

tude (maximum local retreat, horizontal area lost and volumemovements that only affected the cliff face. Both the fre-

displaced) classes with the same width in logarithmic scalequency density and the normalized frequency plots show

As the results of the binning process are very sensitive to the wide spread of data and a general concave downwards

class limits adopted, those limits were set up separately foshape (Figs. 5 and 6). Reliable data fitting expressions

each data set to insure an even distribution of cliff failures inwere not found, suggesting that further work and more

each class. The classes with less than 3 events were mergeéta is required to characterize this particular cliff retreat

with other adjacent low frequency classes, ensuring also thatnagnitude index. The larger than 2m maximum local
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Table 2. Lower limits of magnitude data completeness for each data set.

Cliffed coast Lower limits of magnitude data completeness
MLRcRr (M)  Acr (M?) Ver (M)

Miocene South Algarve 2100 10t 3x10t
Mesozoic South and West Algarve x200 10t 7x10t
Palaeozoic West Algarve 2100 10t 3x10t
Cemented dunes West Algarve x 3P 10t 3.5x10%
Larache - NW Morocco 2100 10t N.D.
Monte CErigo (aerial photos) West Algarve ~ xa(° 1.2x10! 3x10t
Avencas-Parede (aerial photos) West lisbon ~ x1@° 6x 100 10
Ribeira de Ilhas (aerial photos) NW Lisbon ~ x20° 9x10° 3x10t
Monte CErigo (field) West Algarve N.A. 51071 2x1071
Avencas-Parede (field) West lisbon N.A. x 502 6x1073
Ribeira de Ilhas (field) NW Lisbon N.A. 8102 3x1072
Miocene field South Algarve 21071 1071 2x1072

N.D. — Not determined — ClIiff failure volumes were not computed.

N.A. — Not applicable — Insufficient number of failures affecting the cliff top.
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Fig. 5. Relation between maximum local retreat at the cliff top and Fig. 6. Relation between maximum local retreat at the cliff top and

the frequency density, with best fit inverse power law for move- the normalised frequency density, with best fit inverse power law
ments with maximum local retreat higher than 2 m. for movements with maximum local retreat higher than 2 m.

retreat data may be approximately expressed by the preeal inventories of rockfalls. These magnitude-frequency rela-
liminary power lawsf (MLRcg)=102.4~194 (+2=0.74) and  tionships do not show any roll over of the power law towards
p(MLRcR)=3.98: 220 (+2=0.86). the smaller movements as have been demonstrated for sub-
The frequency densities of horizontal area lost and volumestantially complete landslide inventories (Stark and Hovius,
displaced showed comparatively less data spread and the da#®01; Malamud et al., 2004). This indicates that the cliff
is a|igned a|0ng similar negative s|0pe lines in |Og-|og p|ots retreat failures in conditions not favourable for the occur-
(Figs. 7, 9). The normalized frequencies (Figs. 8, 10) showrence of deep-seated rotational landslides show a magnitude-
much smaller data spread and provided similar best-fit powefrequency behaviour close to the available inventories of rock
laws with high correlation coefficientg;(Acr)=0.29:—1.08 falls, suggesting close similarities in the processes involved
(r2=0.92) andp(VcRr)=0.18r"193 (+2=0.96). The inverse inthe instabilities of sea cliffs and other natural scarps.
power law exponents for frequency densities and normalized The detailed analysis of the plots (Figs. 8, 10) shows a
frequencies are almost constant and quite similar to the valuslight tendency for an increase of the slope of the data for the
proposed by Malamud et al. (2004)(Fig. 9) for three histori- larger failures. This may be explained by an under sampling
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the data set.

distance to the top of the cliff at which the tension cracks

develop (e.g. Marques, 1994).
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5 Conclusions
of the largest but least frequent events, due to the compar-

atively short time windows of monitoring, and also by the systematic inventories of failures of low retreat rate sea
influence of an implicit upper size limit for cliff failures. In cliffs, carried out in different geological and geomorpho-
fact, for planar slides and rockfalls in cliffs where there are logical conditions in the coast of Portugal and Morocco,
no conditions for the occurrence of deep seated Iandslide%overing a wide size range of the movements, from small
the maximum local retreat, and to a lesser extent, the hori(V<0_01 n?) to comparatively large rockslides, topples and
zontal area lost and the volume displaced, depend mainly oRgckfalls (V>10*md), at different time scales, provided
cliff geometry (height and slope), and on the geotechnicalmagnitude-frequency relationships for horizontal area and
properties of the rock masses that control the lower slope of,olume displaced of the cliff failures that are well expressed
the potential sliding planes (e.g. Marques, 2003). The siz&y inverse power laws of the form=a.x~?, with a near con-

of toppling failures in sea cliffs also depends on the geom-gtant exponent=1.0. This exponent is similar to those that
etry of the slope and on the geotechnical properties of theyaye heen found for rockfalls, suggesting similarities of pro-
rock masses. These control the depth of the notches carveghsses and mechanisms involved. The normalised frequency

by marine erosion at the cliff toe which is compatible with gensities show also small variations of thealues, from 0.2
marginally stable conditions of the whole cliff, and also the {4 3.
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For maximum local retreat at the cliff top the magnitude- Chau, K. T., Wong, R. H. C., Liu, J., and Lee, C. F.: Rockfall Haz-
frequency relations follows a less constrained inverse power ard Analysis for Hong Kong Based on Rockfall Inventory, Rock
law but only for retreat events larger than 2 m. Smaller move- Mech. Rock Eng., 36(5), 383-408, 2003.
ments showed a diverging behaviour, with frequencies lowerPai F. C. and Lee, C. F.: Frequency-volume relation and prediction
than the power law for larger movements. The explanation of rainfall-induced Igndslldes, Eng. G_eol., 59_, 2_53—266, 2001.
for this behaviour is not clear, because amalgamation of dat®°"9; P- and Guzzetti, F.: Frequency-size statistics of coastal soft-
seems not very significant in the type of data sets used, an cliff, J. Waterway, Port, Coastal Eng., 131(1), 37-42, 2005.

h d i . | fthe | o5 f ussauge-Peisser, C., Helmstetter, A., Grasso, J.-R., Hantz, D.,
the under sampling or incompleteness of the inventories for Desvarreux, P., Jeannin, M., and Giraud, A.: Probabilistic ap-

the smaller movements, was not accompanied by a similar proach to rock fall hazard assessment: potential of historical data
behaviour in the area and volume magnitude-frequency rela- analysis, Nat. Hazards Earth Syst. Sci., 2, 15-26, 2002,
tionships. http://www.nat-hazards-earth-syst-sci.net/2/15/2002/

More substantially complete inventories obtained in dif- El Alami, S. O., Tadili, B., Ait Brahim, L., and Mouayn, I.: Seis-
ferent geological and geomorphological settings are required Micity of Morocco for the period 1987-1994, Pure Appl. Geo-
to confirm the magnitude-frequency behaviour of failures in _ Phys., 161, 969-982,2004. _ _
strong, low retreat rate cliffs, including the influence of the Guzzetti, F., Carrara, A., Cardinali, M., Reichenbach, P., Galli, M.,

different magnitude indexes considered (local retreat, area or ar)d Ardizzone, F.: Landslide hazard evaluation: an aid to a sus-
volume) tainable development, Geomorphology, 31, 181-216, 1999.

. . . Guzzetti, F., Malamud, B. D., Turcotte, D. L., and Reichenbach, P.:
Although requiring further confirmation, the power laws  power-law correlations of landslide areas in central Italy, Earth

obtained may be useful to define the magnitude component pjan. Sci. Lett., 195, 169-183, 2002.

of sea cliff retreat hazard assessment, considering that theuzzetti, F., Reichenbach, P., Cardinali, M., Galli, M., and Ardiz-

data used in this study was obtained in a wide range of nat- zone, F.: Probabilistic landslide hazard assessment at the basin

ural conditions. The full assessment of this natural hazard scale, Geomorphology, 72, 272—-299, 2005.

requires also that reliable models are obtained for the spatidiee, E. M., Hall, J. W., and Meadowecroft, I. C.: Coastal cliff reces-

and time distributions of cliff failures. sion: the use of probabilistic prediction methods, Geomorphol-
ogy, 40, 253-269, 2001.

Lee, E. M., Meadowcroft, I. C., Hall, J. W., and Walkden, M.:
Coastal landslide activity: a probabilistic simulation model, B.
Eng. Geol. Environ., 61, 347-355, 2002.
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